Cell stress of various kinds can lead to the induction of cell death and a damaging inflammatory response. Hence, a goal of therapeutic cell-stress management is to develop agents that might effectively regulate undesirable cell death and inflammation. To that end, we developed a synthetic peptide of seven amino acids based on structural mimicry to a functional domain of p53, a key factor in the responses of cells to stressful stimuli. This heptapeptide, which we term Stressin-1, was found to inhibit both cell death and the secretion of inflammatory mediators by various cell types in response to different stressful agents in vitro. The combined antiinflammatory and anti-apoptotic activities of Stressin-1 were associated with a cellular signalling cascade that induced activation of Akt kinase and activation of the cAMP response element-binding protein (CREB) transcription factor. These immediate signalling events led to the inhibition of the signal transducer and activator of transcription and nuclear factor-jB pathways 24 hr later. Unexpectedly, we found no evidence for a direct involvement of p53 in the effects produced by Stressin-1. Intraperitoneal administration of 100 lg of Stressin-1 to lethally irradiated mice significantly protected them from death. These findings show that activating the Akt-CREB axis with Stressin-1 can counteract some of the undesirable effects of various cell stresses. Stressin-1 may have clinical usefulness.
Introduction
Various forms of cellular stress can induce cell death through activation of signalling pathways that facilitate the elimination of damaged cells. 1 Cellular stress and damage are also a cause of inflammation, which may further increase cell loss in stressed tissues. 2, 3 Hence, excessive cell death and inflammation in response to cell stress can cause tissue damage and precipitate pathologies. 4, 5 Therefore, stress-induced pathologies might be ameliorated by agents that effectively down-regulate undesirable cell death and inflammation. A prototypical stressinduced pathology is the toxicity of ionizing radiation or DNA damaging drugs used for cancer treatment; moreover, stress-induced pathologies also include neurodegeneration and ischaemic diseases. [5] [6] [7] The p53 transcription factor is a central regulator of the cellular response to a variety of stresses, 8 and p53-dependent cell death has been reported to be involved in the occurrence of stress-induced pathologies due to excessive cell loss. 5, 6 However, activation of p53 can result in diverse outcomes that include cell death, but also growth Abbreviations: EMSA, electrophoretic mobility shift assay; LPS, lipopolysaccharide; MEF, mouse embryo fibroblasts; NF-jB, nuclear factor-jB; STAT-1, signal transducer and activator of transcription 1; Stressin-1, STress RESponse Specific peptide INhibitor-1; TNF, tumour necrosis factor arrest and damage repair. 8 How the transcriptional activity of p53 is regulated to produce such diverse outcomes is not entirely clear, but it is assumed that p53 activity is determined by multiplex post-translational modifications and co-factor interactions. 8 One such activating modulation of p53 has been reported to occur after binding to the C-terminal regulatory domain of p53 by damaged DNA or the specific monoclonal antibody PAb-421. 9, 10 The p53 C-terminus seems to recognize both PAb-421 and DNA based on the structural mimicry between this antibody and DNA. 11, 12 Here we set out to derive a small peptide ligand that might interact with the p53 C-terminal domain and hence regulate p53 activation. However, direct selection of potential peptide ligands from a library based on recognition by p53 is difficult technically. Therefore, we developed a monoclonal antibody (Idi-2) that functionally mimics the structure of the p53 C-terminus and used it in place of the actual p53 molecule to identify such a peptide. Our putative p53-mimic was Idi-2, a monoclonal antibody that had been selected to recognize both PAb-421 and DNA, as does the p53 C-terminal domain (see Supplementary material, Fig. S1 ). 11, 12 We then used Idi-2 to pan a phage display library of heptapeptides, 13 and a peptide was identified by its binding to Idi-2. We now report that this peptide exhibits potent anti-apoptotic and anti-inflammatory activities, both in vitro in cell culture and in vivo in a mouse model of lethal irradiation.
Materials and methods
Peptide selection from phage display library A Ph.D.-7 library from New England Biolabs (Ipswich, MA) was screened according to the manufacturer's instructions. Briefly, three rounds of selection by Idi-2 monoclonal antibody were performed and the predominant consensus peptide sequence was identified by sequencing of phage DNA. A candidate peptide, designated Stressin-1, was then synthesized by PolyPeptide Laboratories (Torrance, CA) and further studied in the functional assays described below. Various control peptides, which were weakly selected by Idi-2 in the first two rounds of selection, were used as control peptides in the described assays. None of these control peptides (WWPPRHW, TYWYMTP, LPRNSPV, HSRLVPA, NLPRLYC, MHARTLA, SWYPSFS) produced any significant functional activities (not shown).
Cell culture and mice
Cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. As indicated, cells were stimulated with 50 ng/ml lipopolysaccharide (LPS) from Escherichia coli O55:B5 (Sigma-Aldrich, Schnelldorf, Germany) or with 10-100 lM Cisplatin (Sigma-Aldrich). The RAW-blue reporter cell line was obtained from InvivoGen (Toulouse, France). BALB/c mice were bred and kept at the animal facilities of the Weizmann Institute of Science, Rehovot, Israel. Animal experiments have been conducted according to relevant national and international guidelines and were approved by the Weizmann Institute of Science Institutional Animal Care and Use Committee. Radioprotection was assessed after whole body irradiation with 6Á5 Gy. Mice received one intraperitoneal injection of 0Á1 mg Stressin-1 peptide or saline 1 hr after irradiation. Animals were inspected daily and were humanely killed by cervical dislocation when they met a critical clinical condition, as defined by a fall in body weight (20%) and/ or deterioration in appearance and behaviour. Animals were co-housed under specific pathogen-free conditions at light-dark cycles in groups of three to five per cage with free access to water and chow, or supplied with mashed diet when indicated.
Quantification of cell death and inflammatory mediators
In vitro cell death was quantified with the MTT assay by adding 0Á5 mg/ml MTT (Sigma-Aldrich) to cultured cells. After 2 hr, the supernatant was removed, the tetrazolium dye dissolved in dimethyl sulphoxide was added, and absorbance was measured at 570 nm. The secretion of tumour necrosis factor (TNF) and interleukin-6 was determined by specific ELISA (R&D Systems, Wiesbaden, Germany) from culture supernatant. Nitric oxide (NO) production was estimated by determining the amounts of the nitric oxide oxidation products nitrite and nitrate with a colorimetric assay at 540 nm based on the formation of an azo dye following addition of Griess reagent. 14 Results are shown as the means of quadruple experiments.
Western blot and electrophoretic mobility shift assay
Cell lysates were prepared by lysis in HEPES-buffered saline with 1% Triton X-100 containing proteinase/phosphatase inhibitors. Proteins were separated in 12% SDSpolyacrylamide gels and blotted onto nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). After incubation with 5% dry non-fat milk, membranes were probed with primary antibodies and appropriate horseradish peroxidase-conjugated secondary antibodies (Cell Signaling, Danvers MA). Protein-bound antibody was detected with an ECL kit (Roth, Karlsruhe, Germany). Quantification was performed using the software IMAGE J (National Institutes of Health, Bethesda, MD); values indicate band intensity relative to baseline samples (untreated or at 0 min) after normalization to actin bands. Electrophoretic mobility shift assay (EMSA) was performed with the LightShift Chemiluminescent EMSA Kit (Pierce, Rockford, IL) using recombinant p53 and the p53-responsive element consensus sequence oligonucleotide 15, 16 prepared in a double-stranded form.
Statistics
Statistical significance of differences between data sets was tested by Student's t-test or one-way analysis of variance with Tukey's post test. Survival differences were analysed by Fisher's exact test. P values < 0Á05 were considered significant. Data are represented as mean and standard deviation.
Results
To obtain peptides that might modify the cellular stress response, we screened a heptameric peptide library for peptides that mimic damaged DNA based on binding to Idi-2, a p53-mimicking monoclonal antibody that recognizes damaged DNA (see Supplementary material, Fig. S1 ). 11 We performed three rounds of selection and obtained one predominant consensus amino acid sequence (LPPLPYP). This peptide was then tested for its ability to interfere with the cellular stress response in an assay in which apoptosis was induced in mouse embryo fibroblasts (MEF) by incubation with 80 lM cisplatin. The cisplatin-treated MEF were incubated in the absence or presence of increasing doses of Stressin-1, the selected candidate peptide (10 lM, 50 lM or 100 lM), and cell survival was assessed by light microscopicy inspection (Fig. 1a) ; we observed that the viability of the cells increased with the dose of Stressin-1.
To quantify the survival benefit mediated by Stressin-1, we performed an MTT assay of cisplatin-treated MEF that were incubated in the absence or presence of peptide (50 lM). We found that Stressin-1 significantly increased the viability of cisplatin-treated MEF (29Á7% vitality without peptide versus 63% with peptide; P < 0Á001) (Fig. 1b) . To confirm that the peptide could confer protection from cisplatin-induced apoptosis, we also performed an MTT assay with the murine macrophage cell line RAW 264.7 ( Fig. 1c) and human foreskin fibroblasts (Fig. 1d) . We found that Stressin-1 protected cisplatin-treated RAW 264.7 cells (22Á7% vitality in the absence of Stressin-1 compared with 75Á1% vitality with added peptide; P < 0Á0001) (Fig. 1c) ; cisplatin-treated human fibroblasts (18Á4% vitality without peptide versus 54% with peptide; P < 0Á0001) (Fig. 1d) were also significantly protected from induced apoptosis. 'Stressin-1', which stands for STress RESponse Specific peptide INhibitor-1, was named for its amelioration of the apoptotic response to these stresses.
At the level of the organism, the response to cell stress is inflammation, which includes a large number of immune activities that serve tissue maintenance. 2, 3 To learn whether the Stressin-1 peptide may modify the inflammatory response to cell stress, we studied the response of RAW 264.7 macrophages to the toll-like receptor 4 (TLR4) ligand LPS, which stimulates the secretion of pro-inflammatory mediators. The RAW 246.7 cells were stimulated with LPS (50 ng/ml) in the presence or absence of Stressin-1 peptide (50 lM) and we measured the induction of inflammatory mediators in the supernatant as a measure for macrophage activation after 1 day of culture (Fig. 2) . We found that Stressin-1 treatment significantly inhibited the secretion of inflammatory TNF-a (456 versus 2077 pg/ml; P < 0Á0001) (Fig. 2a) , interleukin-6 (146 versus 513 pg/ml; P < 0Á0001) (Fig. 2b) , and nitric oxide (4 versus 34 nM; P < 0Á0001) (Fig. 2c) . Stressin-1 treatment in the absence of LPS did not induce secretion of these inflammatory mediators (Fig. 2a-c) . These findings indicated that the Stressin-1 peptide seems to be an effective inhibitor of stress-induced inflammatory macrophage activity.
We then tested whether the Stressin-1 peptide could also act in vivo as a functional inhibitor of stress-induced apoptosis and inflammation. To that end, we subjected two groups of 16 and 17 mice each to whole body c-irradiation (6Á5 Gy), which causes both extensive endothelial apoptosis and inflammation, [17] [18] [19] and treated the mice 1 hr after irradiation with saline or Stressin-1 peptide (0Á1 mg/mouse). We found that the treatment with Stressin-1 peptide conferred significant radioprotection (88% survival versus 44% survival in the saline group; P < 0Á05) (Fig. 3) . Hence, Stressin-1 peptide seems to be an effective radioprotectant capable of inhibiting the cellular and inflammatory stress response in vivo.
To learn how Stressin-1 might inhibit apoptosis and the secretion of inflammatory mediators at the molecular level, we investigated the signalling pathways stimulated by Stressin-1. We first tested by EMSA whether Stressin-1 peptide may directly modify the interaction of recombinant active p53 with the p53-responsive element (p53RE). 15, 16 Addition of Stressin-1 to the EMSA reaction did not change the band shift of the labelled p53RE nucleotide probe mediated by p53 (Fig. 4a, lane 1 versus  lane 2) . Moreover, Stressin-1 did not change the supershift of the labelled probe induced by p53 in the presence of the monoclonal anti-p53 antibody PAb-421 (Fig. 4a,  lanes 3 versus 4) . These findings indicated that Stressin-1 did not appear to directly modify transcriptional p53 activity.
We next tested whether Stressin-1 might modify the activity of nuclear factor-jB (NF-jB); decreased activity of the NF-jB pathway, which is the major inflammatory pathway in macrophages, 20 could explain the inhibited inflammatory response of macrophages induced by Stressin-1 (Fig. 2) . We assayed the effects of Stressin-1 on the activity of NF-jB in RAW-blue reporter cells stimulated with LPS. In the presence of Stressin-1, NF-jB reporter activity was significantly reduced (0Á09 versus 0Á17 relative reporter activity; P < 0Á001), indicating that, indeed, the Stressin-1 peptide seems to inhibit macrophage activity by interference with the NF-jB pathway.
To explore how Stressin-1 influences the NF-jB pathway, we analysed potential upstream signalling molecules that might be targeted by the peptide. We did not find a difference in the extracellular signal-regulated kinase, cJun N-terminal kinase or p38 pathways (not shown); however, we observed that Stressin-1 induced rapid activation of Akt kinase within minutes both in RAW 264.7 macrophages (Fig. 4c) and in NIH3T3 cells (Fig. 4d) . This observation is fully compatible with reports showing that Akt activation can confer radioprotection in vitro by inhibiting apoptosis. [21] [22] [23] Along with Akt phosphorylation, Stressin-1 also induced phosphorylation of GSK-3 and cAMP response element-binding protein (CREB); however, more so in the macrophages than in the fibroblasts (Figs 4c and d) . Note that GSK-3 is a direct target of Akt and is inhibited by Akt-induced phosphorylation. 24 Akt activation together with GSK-3 inhibition facilitates the activation (by phosphorylation) of CREB. 25 As the transcriptional activity both of CREB and NF-jB depends largely on recruitment of the co-activator CREB-binding protein (CBP), CREB and NF-jB compete for the limited amounts of CBP present in the nucleus. 26, 27 Thus, activation of CREB induced by Stressin-1 could account for the reduced NF-jB activity and the inhibition of inflammatory mediators mediated by Stressin-1 (Figs 2  and 4b ). Indeed, it was shown that competition for CBP can inhibit NF-jB-induced secretion of TNF-a. 28 Moreover, it was shown that the inhibition of TNF-a secretion is associated with radioprotection in vivo. 29 Hence, activation of the Akt-CREB signalling axis by Stressin can explain both its anti-apoptotic and anti-inflammatory activities, as well as its efficacy in protecting mice from lethal irradiation in vivo.
Moreover, CBP is also an important co-factor for the transcriptional activity of p53 that can facilitate acetylation of histones and the p53 C-terminal domain. 6 Acetylation of p53 and histones is associated with an increase in p53 transcriptional activity. 6 Hence, although we did not find a direct effect on p53 activation in an EMSA, Stressin-1 may indirectly inhibit p53 activity by limiting the amounts of available CBP through CREB activation.
To explore whether the early activation of the Akt-CREB signalling axis by Stressin-1 might also modify the secondary response of RAW cells to LPS, we assessed the activation of signal transducer and activator of transcription 1 (STAT1) and STAT3 after 6 hr (Fig. 4e ) and 24 hr (Fig. 4f) of LPS incubation. At both time-points, Stressin-1 strongly reduced the LPS-induced activation of both STAT1 and STAT3, which adds to the reduced secretion of inflammatory mediators by Stressin-1-treated macrophages.
Discussion
Here we report that a proline-rich heptapeptide, Stressin-1, was active in vitro in preventing cisplatin-induced cell death of various cell types (Fig. 1) and in modifying the secretion of inflammatory mediators by macrophages in response to endotoxin (Fig. 2) . The findings in vitro were strengthened by finding in vivo showing that a single treatment with Stressin-1 provided significant radioprotection in lethally irradiated mice (Fig. 3) . The anti-apoptotic and anti-inflammatory cytokine responses were associated with rapid activation of the Akt signalling axis and delayed inhibition of the STAT and NF-jB pathways (Fig. 4) .
How does Stressin-1 produce its effects on stressinduced apoptosis and the inflammatory response? Does Stressin-1 act as an agonist for a known receptor? Structurally, Stressin-1 is rich in Proline residues -four of its seven amino acids are Prolines: LPPLPYP. A Proline residue adds rigidity to a polypeptide, and multiple Prolines can create a helical structure. 30 Indeed, we selected the Stressin-1 peptide by its ability to bind to Idi-2, a monoclonal antibody that also binds DNA and is thought to mimic the structure of the C-terminus domain of p53 that also binds DNA 11 -Stressin-1 could well mimic a domain of DNA. Based on this reasoning, we tested whether some of the effects of Stressin-1 might be explained by stimulation of innate pattern-recognition receptors, such as the TLRs that are activated by nucleic acids and other ligands. 31 Indeed, TLR signalling can induce activation of the Akt kinase and, through induction of NF-jB activation, increase cellular resistance to apoptosis. 31 Moreover, TLR stimulation has been found to be radioprotective in vivo.
32 However, we were not able to detect Stressin-induced activation of any specific TLR (not shown). Moreover, as we demonstrated above (Figs 2 and 4) , we found that Stressin-1 inhibited NFjB activation and subsequent inflammatory cytokine molecules through the STAT1 and STAT3 transcription factors, which argue against TLR-signalling. Hence, the effects of Stressin-1 cannot be explained simply by its possible interaction with known TLR molecules. On the contrary, the unique amino acid composition of the Stressin-1 peptide could conceivably allow it to enter cells directly; its activation of the Akt-CREB signalling axis could be mediated by some intracellular interactions that by-pass a membrane-bound receptor. Indeed, proline-rich peptide motifs such as that of Stressin-1 are frequently involved in signalling events due to their recognition by protein-interaction domains, such as SH3 or WW domains. 33 Therefore, Stressin-1 might plausibly produce its anti-apoptotic and anti-inflammatory effects through direct stimulation of, or interference with signalling molecules involved in the cellular stress response. The nature of the putative intracellular receptor(s) activated by Stressin-1 remains to be characterized. However, it is likely that Stressin-1 acts on a conserved receptor, as the peptide appeared to function equally in murine and human cells. Such functionally equivalent activity across species seems to indicate that the peptide targets fundamental molecular pathways involved in the control of cell death and inflammatory activation. In summary, we have discovered a peptide that, through its anti-apoptotic and anti-inflammatory activities, can prevent excessive cell loss induced by cell stress. Indeed, the combined inhibition of cell death and inflammation seemed to be effective in preventing radiationinduced tissue degeneration in vivo. Future work will reveal whether Stressin-1 peptide treatment and its activation of the Akt-CREB axis might be of benefit in clinical degenerative disorders.
